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INTRODUCTION 


« 


It  is  well  known  that  films  of  silicon  dioxide  on  silicon  are  important  in  the  fabrication  of 
many  electronic  devices.  In  fact,  much  of  the  current  electronic  industry  is  based  upon  the  pro¬ 
cessing  of  silicon  and  silicon  dioxide.  Silicon  is  still  the  most  widely  used  and  most  reproducible 
semiconducting  material  presently  available.  Therefore,  the  interest  in  producing  defect-free  sili¬ 
con  dioxide  at  low  temperatures  is  obviously  great  Silicon  dioxide  01ms  may  also  serve  as  effec¬ 
tive  diffusion  barriers  in  the  protection  of  silvered  space-reflectors  on  the  low  earth  orbit  (LEO) 
space  station.^  The  LEO  would  be  likely  to  have  signiOcant  exposure  to  atomic  oxygen  in  the 
ground  state  with  impact  energy  of  approximately  5  eV,^*^  An  amorphous  coating  is  required  to 
prevent  oxygen  diffusion  because  grain  boundaries  in  the  crystalline  oxide  would  provide  short  cir¬ 
cuit  diffusion  paths;  therefore,  low  temperature  growth  of  Si02  is  needed. 


Earlier  workers  have  attempted  this  low  temperature  oxide  deposition^*^  and  others  have  simu¬ 
lated  space  exposure  by  exposing  silicon  to  oxygen  in  a  plasma  asher.^’^  In  our  studies,  the  for¬ 
mation  of  silicon  dioxide  on  silicon  by  exposure  to  atomic  oxygen  on  the  long  doration  exposure 
facility  (LDEF)  has  been  analyzed  for  the  first  time.  This  not  only  allows  the  study  of  diffusion 
of  atomic  oxygen  but  also  to  analyze  the  effect  of  actual  oxidation  conditions  in  space. 


The  primary  technique  used  to  characterize  the  films  was  variable  angle  spectroscopic 
ellipsometry  (VASE).  In  this  system,  the  elliptically-polarized  light  produced  by  reflecting 
plane-polarized  light  from  the  surface  under  study  is  modulated  by  a  rotating  analyzer.  Both 
the  wavelength  of  the  monochromatic  incident  light  and  the  angle  of  incidence  can  be  varied. 
The  state  of  polarization  of  the  reflected  beam,  characterized  by  the  ellipsometric  parameters 
Ip  and  A  can  be  determined  by  Fourier  analyzing  the  time  variation  of  the  modulated  light. 

The  Fourier  analysis  allows  measurement  of  the  real  part,  tan  V'  cos  A,  and  the  imaginary 
part,  tan  rp  sin  A,  of  the  complex  reflectivity  ratio  rp/r*,  where  p  denotes  polarization  parallel 
to  the  plane  of  incidence  and  s  denotes  polarization  perpendicular  to  the  plan  of  incidence. 

^  =  e'^'tanV'  (1) 


The  index  of  refraction,  n,  and  the  extinction  coefficient,  k,  can  then  be  calculated  from  xp 
and  A.  For  thin  films,  the  values  of  n  and  k  so  determined  are  not  related  to  the  values  ob¬ 
tained  for  any  one  substance  but  are  dependent  upon  the  pe  'etration  depth  of  the  light. 

Si02  is  an  insulator  and  has  essentially  zero  absorption  in  the  visible  region. 

EXPERIMENTAL 

The  silicon  sample  was  mounted  on  the  earth  end  of  the  LDEF  satellite  on  tray 
G12  (oxygen  fluence  =  5  x  10*^/cm^,  as  shown  in  Figure  1.  The  sample  dimensions  were 
0.3  X  5  X  5  cm^.  An  aluminum  bar  was  strapped  across  the  center  of  the  sample,  shield¬ 
ing  the  covered  portion  from  direct  exposure  to  space.  The  oxide  formed  on  the  sample 


1.  DE,  B.  N.,  HRUSKA,  J..  PETERKIN,  J.,  ZHAO.  Y..  and  WOOLLAM,  J.  A  Mai.  Rea.  Soc.  Symp.  Proc.,  v.  163,  1990,  p.  965. 

2.  GULINO,  D.  A,  EGGER,  R.  A,  and  BANHOLZER,  W.  F.  J.  Vac  Sci.  Technol.  A  v.  5,  no.  4,  1987,  p.  2737. 

3.  BANKS,  B.  A,  MIRTICH,  M.  R.,  RUTLEDGE,  S.  K.,  and  NAHRA,  H.  K.  Proc.  of  the  18lh  IEEE  Photovoltaic  Specialists  Conf.,  IEEE, 
New  York.  NY.  1985,  p.  381-386. 

4.  HO,  V.  Q..  and  SUGANO,  T.  IEEE  Trans.  Elec  Dev.,  Ed-27, 1980.  p.  1436. 

5.  LAWLESS.  K.  R.  Rep.  Prog.  Phys.,  v.  37.  1974,  p.  231. 

6.  DE,  B.  N..  MEMARZADEH,  K.,  JULIANTO,  A,  MEYERS,  G.  G..  and  WOOLLAM,  J.  A  AIAA  Journal,  v.  28,  1990,  p.  1065. 
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by  exposure  to  the  space  environment  varied  along  the  sample  surface,  causing  a  gradation 
in  interference  colors  corresponding  to  various  oxide  thicknesses.  Each  colored  region  was 
studied  individually,  as  shown  in  Figure  2  (region  IB  =  gray,  region  2B  =  brown,  region 
3B  =  violet,  region  4B  =  blue,  region  7  =  shielded  (under  aluminum  bar),  region  IT  = 
blue/violet,  region  2T  =  brown/violet,  and  region  3T  =  brown/gray).  All  of  the  measurements 
were  performed  seperately  on  each  of  these  regions  of  the  sample  and  each  one  of  the  experi¬ 
ments  involved  a  different  spot  size.  Therefore,  the  same  spot  within  each  sample  section 
may  not  have  been  examined. 


Figure  1 .  Photograph  of  silicon  sample  on  LDEF  satellite 
(tray  G12  -  earth  end,  oxygen  flux  =  5  x  10’®/cm^). 


4B  3B  2B 


Figure  2.  Schematic  of  examined  portions  of  LDEF  silicon  sam¬ 
ple  (oxide  color:  1T  =  blue/violet,  2T  =  brown/violet,  3T  = 
brown/gray,  1B  =  gray,  2B  =  brown,  3B  =  violet,  4B  =  blue, 
and  7  =  shielded  from  space  by  aluminum  strap). 
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A  schematic  of  the  ellipsometer  designed  by  J.  A.  Woollam  is  shown  in  Figure  3.  The 
ellipsometer  uses  a  rotating  analyzer.  At  each  wavelength  after  150  revolutions  of  the  an¬ 
alyzer,  a  data  acquisition  program  subtracts  a  reading  obtained  with  the  shutter  closed  from 
a  reading  taken  with  the  shutter  open  in  order  to  eliminate  any  effect  of  background  radia¬ 
tion.  During  a  measurement  the  wavelength  was  scanned  from  4000  A  to  8000  A  in  steps  of 
100  A.  Two  or  three  angles  of  incidence  were  examined  at  each  spot.  The  data  was  fit  to 
a  model  (see  Figure  4)  consisting  of  a  silicon  substrate  covered  by  a  nonporous  Si02-SiO 
film.  The  analysis  software  uses  a  Marquardt  algorithm  and  a  Bruggeman  Effective  Medium 
approximation^  and  relies  on  published  data  for  the  substrate  and  Him  constituents.  The  Ht- 
ting  parameters  were  the  film  thickness  and  the  SiO  fraction.  In  some  cases  the  angle  of 
incidence  was  varied  slightly  to  obtain  more  accurate  agreement. 


Figure  3.  Block  diagram  of  VASE  system  designed  and  built  by  the  Woollam  Company,  Lincoln,  NE. 


EMA  LAYER 
Si02  +  SiO 


SILICON 


Figure  4.  Model  used  to  Tit  VASE  results:  silicon  substrate  with  an 
oxide  film  consisting  of  an  EMA  layer  of  (1  -x)%  Si02  and  x%  SiO. 


8,  WOOLLAM,  J,  A.,  SYNDER,  P.  O..  and  ROST,  M.  C.  Thin  Solid  Filois,  v.  166,  1988,  p.  317. 
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The  Fourier  transform  infrared  spectroscopy  (FUR)  spectra  were  taken  with  a  Perkin- 
Elmer  1600  series  spectrometer  at  an  angle  of  incidence  of  30°  in  the  range  from  400  cm'^ 
to  4000  cm'^  at  a  resolution  of  4  cm'^  using  nitrogen  as  a  purge  gas  in  the  sample  compart¬ 
ment.  The  spectral  reflectance  was  measured  with  128  scans  of  each  spot  in  every  one  of 
the  sample  areas  listed  above. 

The  X-ray  photoelectron  spectroscopy  (XPS)  experiment  using  a  Perkin-Elmer  548 
system  was  carried  out  with  characteristic  ka  radiation  from  a  Mg  target  in  a  vacuum  of 
approximately  10’*  Torr.  When  scanning  the  entire  electron  energy  range,  the  sensitivity 
was  30  K,  the  time  constant  was  0.1  seconds,  and  the  pass  energy  was  100  eV.  These 
conditions  were  varied  (sensitivity  =  1  to  10  K,  time  constant  =  0.1  to  1.0  sec,  and  pass  * 

energy  =  25  eV)  when  the  elemental  peak  positions  were  accurately  determined.  The  Cis 
peak  was  used  as  a  calibration  peak  for  the  determination  of  the  peak  positions  of  the 
other  elements.  • 

Rutherford  Backscattering  ^ectroscopy  (RBS)  was  carried  out  by  bombarding  the  sam¬ 
ple  with  a  beam  of  2  MeV  He"*^  ions  at  an  angle  of  incidence  of  either  0°  or  60°  and  a 
backscattering  angle  of  170°. 

RESULTS  AND  DISCUSSION 

Representative  VASE  spectra  and  their  fits  to  the  model  described  above  are  shown 
in  Figures  5  through  7  from  4000  A  to  8000  A  for  some  of  the  examined  regions  of  the 
sample.  The  optical  constants  of  region  IB  and  of  pure  Si  are  compared  in  Figure  5 
and  Figure  6;  the  same  data  are  compared  with  data  generated  from  the  model  of  Figure 
4.  For  regions  of  the  sample  covered  with  thick  oxide  films  and  exhibiting  quarter  wave¬ 
length  interference  patterns,  the  measured  values  of  tan  V'  and  cos  A  are  plotted  in  Figure 
7  for  region  3B  and  in  Figure  8  for  region  IT.  A  summary  of  the  VASE  data  is  given  in 
Table  1.  The  uncertainty  associated  with  the  percentage  of  SiO  present  in  the  film  is  less 
than  0.1%. 


Table  1,  OXIDE  THICKNESS  AND  COMPOSITION  (VASE  RESULTS)  AND 
%  POROSITY  OF  THE  LDEF  SIUCON  SPEQMEN 


Region 

Oxide  Color 

Oxide  Thickness 

(A) 

SiO 

(%) 

Porosity 

(%) 

1T 

Blue/Violet 

996.8  ±  1.2 

14.9 

not  meas. 

2T 

Brown/Blue 

716.9  ±  3.4 

13.3 

not  meas. 

1B 

Gray 

386.1  ±  5.5 

0 

9.43 

2B 

Brown 

650.5  ±  8.4 

0 

0.33 

3B 

Violet 

993.3  ±  1.8 

22.9 

1.52 

4B 

Blue 

1221  ±  20 

18.3 

0.87 

7 

Shielded 

77.6  ±  1.8 

100 

1.58 
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4000. Q  SQOO.Q  EOOO.O  7000.0  8000.0 

Uav«l«njih  In  An^atrom* 

Figure  5.  Ootical  constants  of  region  IB  compared  to  those  of  pure  silicon. 
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Figure  6.  Optical  constants  of  region  1 B  compared  to  those  generated  from  the  model. 


As  shown  in  Figure  9,  the  VASE  data  suggest  that  the  oxide  thickness  increases  almost 
linearly  along  the  sample  surface.  Since  the  sample  was  mounted  on  an  inclined  tray  on  the 
earth  end  of  the  satellite,  areas  of  the  sample  closer  to  the  top  of  the  tray  were  exposed  to 
a  greater  flux  of  atomic  oxygen  than  areas  at  the  other  end  of  the  tray.  If  most  of  the  oxy¬ 
gen  had  been  scattered  from  the  detector  to  the  right  of  the  sample  before  striking  the  sam¬ 
ple  surface  (see  Figure  1)  the  oxide  film  next  to  the  detector  (region  4B)  would  be  much 
thicker  than  the  film  at  the  other  end  (region  IB),  even  thicker  than  it  is.  Therefore,  it  ap¬ 
pears  that  oxygen  was  deposited  directly  onto  the  sample  surface. 


Figure  9.  Oxide  thickness  obtained  from  VASE  results  versus  position  on  LDEF  silicon  sample 

Our  results  also  indicate  that  unlike  other  low  temperature  depositions  the  oxide  thus 
formed  was  not  porous;  an  observation  confirmed  by  porosity  measurements  made  with  a 
Buehler  metallograph.  In  this  technique  the  average  percentage  of  voids  is  determined  from 
the  contrast  in  the  field  of  view  of  a  microscope  at  magnification  of  500X  to  lOOOX  with  the 
aid  of  a  computer  program.  Readings  were  taken  at  at  least  10  locations  on  each  of  the  ex¬ 
amined  regions.  As  shown  in  Table  1,  these  measurements  indicate  a  porosity  of  less  than 
10%  for  all  regions.  The  fact  that  the  oxide  was  found  to  be  nonporous  may  be  due  to  the 
fact  that  the  deposition  rf>te  of  the  process  is  extremely  slow  relative  to  other  techniques. 
However,  a  copper  sample  mounted  immediately  adjacent  to  the  silicon  specimen  had  a  very 
porous  oxide  layer  which  was  also  much  thicker  than  that  formed  on  the  section  of  the  sili¬ 
con  closest  to  the  copper  sample.^  The  only  other  sample  that  did  not  show  porous  oxide 
formation  was  an  aluminum  specimen  mounted  on  the  trailing  edge  of  the  satellite.^  These 
variations  in  the  porosity  of  the  oxide  films  formed  on  different  LDEF  samples  are  not  pres¬ 
ently  understood.  The  lack  of  porosity  of  the  oxide  film  on  the  silicon  sample  may  be  af¬ 
fected  by  the  presence  of  carbon  throughout  the  film  and  will  be  discussed  later. 


9.  FRANZEN,  W.,  BRODKIN,  J.  S.,  SENGUPTA,  U  C,  and  SAGALYN,  P.  U  Proceedings  of  the  First  LDEF  Post -Retrieval  Symposium  (in  Press). 
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Furthermore,  the  VASE  results  summarized  in  Table  1  indicate  that  the  Si0/Si02  ratio  in¬ 
creases  from  0  to  0.2  with  increasing  film  thickness  suggesting  that  although  the  oxidation 
took  place  slowly  and  at  a  low  temperature,  a  greater  amount  of  oxygen  incident  on  the  sam¬ 
ple  surface  corresponds  to  a  larger  oxygen  deficiency.  For  the  film  formed  under  the 
shielded  section  of  the  sample  (region  7),  the  model  that  made  the  best  fit  consisted  of  100% 
SiO.  This  may  be  due  to  the  fact  that  oxygen  is  often  found  in  pure  silicon  as  an  intersti¬ 
tial.  Therefore,  the  SiO  formation  requires  less  energy  than  the  formation  of  Si02.  This 
may  be  why  it  was  possible  to  form  this  oxide  under  a  barrier  (region  7). 

In  order  to  confirm  the  accuracy  of  the  VASE  results  several  other  characterization 
techniques  were  employed.  FTIR  reflectance  spectra  are  shown  in  Figure  10  and  are  summa¬ 
rized  in  Table  2.  As  for  other  oxidation  processes  including  thermal  oxidation  of  silicon,^® 
the  SiO  stretching  mode  at  1065  cm’^  shifts  upward  in  frequency  with  increasing  film  thick¬ 
ness,  as  shown  in  Figure  11.  This  effect  has  been  attributed  to  an  increase  in  bond  strain 
and/or  oxygen  deficiency  with  distance  away  from  the  film/substrate  interface.^®  It  should  be 
noted  that  the  shift  in  frequency  is  nonlinear  for  film  thicknesses  greater  than  150  A,  as  has 
also  been  reported  for  thermal  oxides,^®  a  result  of  the  fact  that  as  the  film  thickness  in¬ 
creases  beyond  a  certain  critical  value  the  structure  of  the  film  becomes  less  constrained  by 
the  substrate,  allowing  the  material  to  relax  and  the  peak  shift  to  decrease. 

Table  2.  PEAK  POSITION  AND  FWHM  OF  THE  SiO  STRETCHING  MODE  FROM 
THE  n  IR  RESULTS  OF  THE  LDEF  SlUCON  SAMPLE 


Region 

Peak  Position 
(cm’) 

FWHM 

(cm’) 

1T 

1066 

91.7 

2T 

1063 

85.2 

IB 

1059 

63.7 

2B 

1061 

72.7 

3B 

1065 

62.8 

4B 

1069 

72.7 

7 

1044 

63.7 

However,  for  the  space-formed  oxide  an  increase  in  bond  strain  may  not  be  the  only  fac¬ 
tor  contributing  to  a  peak  shift  since  the  full  width  at  half-maximum  (FWHM)  increased  with 
thickness  (broadening  associated  with  off-stoichiometry  oxides  is  usually  20%  to  30%).'®  This 
may  indicate  that  the  material  contains  some  oxygen  deficiency,  especially  since  the  shift  in  fre¬ 
quency  is  accompanied  by  an  increase  in  mode  broadening  with  increase  in  oxide  thickness. 

The  FTIR  results  do  not  show  any  mode  at  935  cm*'  (SiO  stretching  mode  of  SiOH)  usu¬ 
ally  indicative  of  the  effect  of  humidity  on  porous  oxide.  Therefore,  this  result  may  also  ver¬ 
ify  the  nonporous  nature  of  the  oxide.  The  values  for  the  peak  position  and  width  of  the 
SiO  mode  agree  well  with  those  found  for  thermal  oxides.'®''^ 

10.  BOYD,  I.  W..  and  WILSON,  J.  I.  B.  J,  Appl.  Phys.,  v.  53,  1982,  p.  4166. 

II  PLISKNEN,  W.  A.  J.  Vac.  Sci.  Technol.,  v.  14,  1977,  p.  1064. 

12.  LUCOVSKY,  G.,  MANITINI,  M.  J.,  SRIVASTAVA,  J.  K.,  and  IRENE,  E.  A.  J.  Vac.  Sci.  Technol.,  v.  B5,  1987,  p.  530. 
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FREQUENCY  (cm'*) 


Figure  10.  FTIR  reflectance  spectia  showing  Si-0  stretching  mode  for 
regions  IB  through  4B  and  region  7  of  LOEF  siiicon  sampie. 


Figure  1 1 .  Peak  position  of  Si-0  stretching  mode  versus  oxide 
thickness  for  various  regions  on  silicon  sample. 


In  order  to  confirm  the  composition  of  the  oxide,  XPS  was  performed  on  the  specimen 
for  the  regions  specified  in  Figure  2.  The  spectra  of  regions  IT,  IB,  6B,  and  from  the  back 
of  the  specimen  are  shown  in  Figure  12.  It  is  evident  that  carbon,  oxygen,  and  silicon  are 
present  on  the  surface  in  varying  proportions.  The  positions  of  the  Cis,  Ois,  and  Si2p  peaks 
and  the  relative  percentages  of  carbon,  silicon,  and  oxygen  present  in  the  surfaces  are  listed 
in  Table  3,  together  with  the  shift  ACis  of  the  Cjs  peak  from  its  usual  value  of  284.6  eV. 

Table  3.  XPS  RESULTS  FOR  THE  LDEF  SlUCON  SPECIMEN 


Region 

Peak  ^ition 
(eV)  Si% 

Ois 

Peak  Position 
(eV)  0% 

Cis 

Peak  Position 
(eV)  C% 

(FronT'Jl4.6 

(eV) 

IT 

103 

30 

532.4 

46 

286.8 

24 

2.2 

2T 

103.2 

30 

532.4 

49 

287.0 

21 

2.4 

3T 

103.5 

29 

532.4 

49 

286.6 

22 

2.0 

IB 

103.4 

28 

532.5 

38 

285.5 

34 

0.9 

2B 

103.4 

31 

532.4 

50 

286.4 

19 

1.8 

3B 

103.2 

30 

532.6 

43 

286.8 

26 

2.2 

4B 

103.1 

30 

532.8 

50 

287.2 

20 

2.6 

Back 

98.8 

102.9 

28 

531.8 

19 

285.0 

53 

0.4 

1000  900  800  700  600  500  400  300  200  100  0 

aiNOtNG  ENCRGr  («V) 


Figure  12.  XPS  spectra  of  regions  IT,  IB,  4B, 
and  back  of  the  LDEF  silicon  sample. 
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It  is  evident  that  a  relatively  large  amount  of  carbon  is  present  on  the  sample  surface. 

This  is  not  an  unusual  observation  and  can  be  attributed  to  contamination  at  any  stage  of  the 
specimen’s  lifetime.  Figure  13  shows  the  positions  of  the  Cis  and  Si2p  peaks  as  functions  of 
oxide  thickness.  It  is  evident  that  the  Cis  peak  shifts  to  increasing  energy  with  increase  in 
film  thickness.  This  carbon  peak  is  commonly  used  as  the  calibration  peak  and  the  amount 
that  the  peak  has  shifted  from  284.6  eV  is  subtracted  from  the  peak  position  of  the  other  ele¬ 
ments.  The  shift  is  expected  and  is  caused  by  a  buildup  of  surface  charge  with  increase  in 
film  thickness.  It  is  also  observed  that  the  ratio  of  oxygen  to  carbon,  except  for  the  back  of 
the  specimen,  ranges  from  1.1  to  2.46  but  does  not  vary  systematically  with  oxide  thickness. 
There  is  a  peculiarity  associated  with  the  presence  of  carbon  deduced  from  the  RBS  data  that 
will  be  discussed  later  in  the  connection  with  the  analysis  of  that  data. 


OXIDE  THICKNESS  (  A  ) 


Figure  13.  Si2p  and  Cis  peak  positions  (eV)  versus  oxide  thickness. 
Uncertainty  associated  with  peak  position  =  ±  0.1  eV. 
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Figure  13  also  shows  that  the  Si2p  peak  shifts  to  lower  energies  with  an  increase  in  Glm 
thickness.  Since  this  peak  is  located  at  99.15  eV  for  pure  Si  and  at  103.4  eV  for  stoichiometri- 
cally  correct  Si02,  the  shift  from  103.5  eV  to  lower  energies  indicates  that  the  oxide  film  is  be¬ 
coming  more  oxygen  deficient  with  increase  in  oxide  thickness.  The  XPS  data  taken  on  the  back 
portion  of  the  sample  shows  the  Si2p  peak  at  two  positions;  namely,  at  approximately  99  eV  and 
103.4  eV,  indicating  the  presence  of  the  very  thin  native  oxide  layer  (~20  A)  associated  with 
pure  silicon.  The  ratio  of  oxygen  to  silicon,  except  for  the  unexposed  region  (back  of  sample), 
ranges  from  1.34  to  1.65  indicating  that  the  oxide  film  is  oxygen  deficient. 

The  position  of  the  Ojs  peak  remains  essentially  constant  at  the  location  that  corresponds 
to  the  formation  of  Si02  (532.6  eV)  indicating  that  most  of  the  oxygen  on  the  surface  is  com¬ 
bined  with  silicon  to  form  the  oxide  layer.  The  data  from  the  back  portion  of  the  sample  is 
an  exception  to  this  observation  in  that  the  oxygen  peak  is  at  a  lower  energy  indicating  the 
presence  of  a  thin  layer  of  oxide  containing  uncombined  oxygen.  Some  areas  of  the  silicon 
surface  appear  to  contain  a  small  amount  of  nitrogen. 

The  results  of  the  analysis  of  RBS  spectra  for  regions  IT,  3T,  and  7,  as  well  as  for  re¬ 
gions  IB,  2B,  3B,  and  4B  of  the  specimen,  are  shown  in  Figures  14  and  15,  respectively.  Esti¬ 
mated  film  thicknesses  obtained  from  the  RBS  data  agree  within  an  uncertainty  of  ±  80  A 
with  those  calculated  from  the  VASE  spectra.  The  data  suggest  that  for  most  of  the  exposed 
regions  of  the  sample  a  large  fraction  of  carbon  is  present  that  increases  as  the  film/substrate 
interface  is  approached.  As  the  amount  of  carbon  increases,  the  amount  of  oxygen  seems  to 
decrease. 

These  results  on  the  presence  of  carbon  in  the  film  agree  with  the  XPS  observations. 
However,  the  large  amount  of  carbon  increasing  with  distance  into  the  film  was  indeed  unex¬ 
pected.  This  carbon  profile  makes  it  difficult  to  determine  the  oxygen  stoichiometry  in  the 
film  from  the  RBS  data  alone. 

This  phenomenon  may  be  caused  by  several  factors.  One  explanation  may  be  that  the 
oxide  formed  by  this  low-temperature  deposition  was  actually  porous  and  the  film  has  been  in¬ 
filtrated  with  carbon  and  has  formed  a  nonporous  carbonated  film.  However,  the  source  of 
this  contamination  is  unclear  at  the  present  time. 

Another  possibility  is  that  the  film  was  formed  by  impact  of  carbon-rich  projectiles. 

Figure  16  shows  a  micrograph  of  the  specimen’s  surface  taken  at  500X  (see  region  IB).  It  is 
clear  that  craters  of  about  20  microns  wide  by  100  microns  long  are  present.  The  presence 
of  impact  craters  formed  by  carbon-rich  impactors  has  been  reported  previously  for  an  A1  sam¬ 
ple  mounted  on  LDEF  tray  AllEOOF.*^  The  impactor  residue  in  the  craters  contained  54% 
to  72%  carbon  inside  the  craters  and  about  40%  1  mm  away  from  the  craters.  This  type  of 
carbon  contamination  could  account  for  the  carbon  distribution  revealed  by  the  analysis  of  the 
RBS  results  which  suggest  that  each  impact  crater  removed  part  of  the  oxide  as  it  struck  the 
film  leaving  behind  a  carbon-rich  residue.  However,  the  amount  of  carbon  present  in  the 
film  is  rather  high  to  be  caused  exclusively  by  these  impactors  and  the  resultant  distribution 
may  be  caused  by  a  combination  of  both  of  the  factors  described  above. 


13.  RADICATI  DI  BROZOLO,  F..  FLEMMING,  R.  H.,  HARRIS,  D.  W..  BROWNLEE,  D.,  and  REILLY,  T.  W.  M&D  SIG  Investigation 
Report,  Pint  LDEF  Post-Retrieval  Symposium  Abstracts,  p.  40. 
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Figure  14.  Atomic  fractions  deduced  from  RBS  spectra 
of  regions  IT,  3T,  and  7  of  the  LDEF  Si  sampto. 
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Figure  16.  Micrograph  (500X)  of  LOEF  silicon  surface  (region  IB). 


CONCLUSIONS 

The  results  from  the  VASE  analysis  of  the  oxide  film  formed  on  the  LDEF  silicon  speci¬ 
men  revealed  an  oxide  thickness  that  varied  linearly  along  the  sample  surface.  As  confirmed 
by  FTIR  results,  the  film  is  not  porous  but  is  oxygen  deHcient.  Compositional  analysis  by 
XPS  and  RBS  confirmed  the  finding  of  oxygen  deficiency  and  also  showed  that  the  surface 
and  interior  of  the  film  contained  substantial  amounts  of  carbon.  The  carbon  contamination 
may  have  been  caused  by  several  factors  and,  as  indicated  in  this  report,  can  partially  origi¬ 
nate  from  carbon-rich  imp  \ctors  present  in  the  space  environment. 
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